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1.  Introduction 


There  is  a  critical  need  for  the  development  of  new  Army  navigation  technologies 
that  can  provide  accurate  and  uninterrupted  position,  navigation,  and  timing  (PNT) 
information  for  the  dismounted  Soldier.  An  essential  element  in  a  navigation 
system  is  the  global  positioning  system  (GPS)  receiver  antenna,  which  must  be 
designed  to  maintain  a  constant  link  with  visible  GPS  satellites  while  providing 
robust  protection  against  hostile  jamming  signals.  Additionally,  the  antenna  size, 
weight,  power,  and  cost  must  be  minimized,  and  it  must  be  seamlessly  integrated 
with  specific  platforms  of  interest  without  sacrificing  performance.  In  collaboration 
with  the  Communications-Electronics  Research,  Development  and  Engineering 
Center  (CERDEC)  Command,  Power  &  Integration  Directorate  (CP&I),  wearable 
anti-jam  GPS  antenna  designs  and  fabrication  methods  are  being  explored  to 
support  future  dismounted  Soldier  navigation  systems. 

Initial  efforts  have  focused  on  researching  best  approaches  for  design  and 
fabrication  of  a  wearable  anti-jam  GPS  antenna.  The  results  of  this  study  will  be 
summarized  in  this  report.  Section  2  will  discuss  the  state  of  the  art  for  anti-jam 
GPS  antenna  technology,  including  GPS  antenna  element  and  array  designs  and 
algorithms  for  jammer  mitigation,  and  will  identify  the  candidate  technologies  best 
fit  for  wearable  anti-jam  GPS  systems.  Section  3  will  discuss  potential  materials 
and  fabrication  methods  that  are  most  amenable  to  wearable  anti-jam  GPS 
antennas,  including  textile-integrated  embodiments  and  externally 
mounted/removable  embodiments.  Early  measured  results  for  a  variety  of  textile- 
integrated  carbon  nanotube  thread  (CNT)  antennas  will  be  presented  in  order  to 
explore  the  feasibility  of  applying  bulk  CNT  materials  to  wearable  anti-jam  GPS 
antenna  designs.  Finally,  Section  4  will  present  the  path  forward  in  this  research. 

2.  Background/State  of  the  Art  for  Anti-Jam  Antennas 


2.1  Motivation  for  Anti-Jam  GPS  Technology 

GPS  signals  are  transmitted  from  a  set  of  orbiting  satellites  located  at  an  altitude  of 
-20,200  km.  Standard  frequency  bands  for  military  use  are  the  LI  (1575.42  MHz) 
and  L2  (1,227.60  MHz)  bands.  Since  the  GPS  signals  are  transmitted  at  only  -25 
W  (-27  dBW  after  the  satellite  antenna  gain  of  13  dB  is  considered),  the  received 
signal  at  a  typical  GPS  receiver  is  significantly  below  the  noise  floor,  on  the  order 
of -155  to  -160  dBW.  With  such  a  low  received  signal,  a  hostile  source  with  a 
3  dBi  gain  antenna  can  effectively  jam  a  GPS  receiver  located  100  km  away  with  a 
less  than  50-W  transmitter.1  Jammer  to  signal  (J/S)  level  versus  distance  is  shown 
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in  Fig.  1  for  a  variety  of  jammer  power  levels  (0.1-  to  100-W  EIRP).  The  red  lines 
indicate  the  susceptibility  threshold  for  a  variety  of  acquisition  methods,  including 
the  standard  coarse  acquisition  (C/A)  code,  the  P(Y)  code  that  requires  precise  time 
to  be  known,  and  a  GPS  receiver  that  employs  advanced  signal  processing 
correlation  and  filtering  techniques  to  achieve  signal  recovery  from  the  noise  floor. 


J/S  for  Jammer  EIRPsof  100W,  10W,  1W.0.1W 


Fig.  1  Jammer  to  signal  (J/S)  level  vs.  distance  for  different  jammer  EIRP  levels  and 
susceptibility  thresholds  for  different  GPS  signal  acquisition  methods2 

Since  the  received  GPS  signals  are  below  the  noise  floor  of  a  typical  GPS  receiver, 
any  signals  detected  above  the  noise  floor  can  be  classified  as  jammers/interferers 
and  filtered  accordingly.  As  a  standard  first  step,  fixed  bandwidth  front-end  radio 
frequency  (RF)  filters  are  used  to  reject  out-of-band  jammers  and  general 
interference.  For  more  robust  filtering  against  continuous  wave  (CW)  tone 
jammers,  intermediate  frequency  adaptive  notch  filters  can  also  be  employed. 
These  2  techniques  typically  yield  between  15  and  30  dB  in  jammer  suppression 
with  minimal  effect  on  the  GPS  signal,  itself,  which  is  enough  to  mitigate  the  effects 
of  moderate  power  jammers  located  at  least  10  km  away  (using  Fig.  1  as  a 
reference).  In  order  to  deal  with  closer  distance  and/or  high-power  jammers,  anti¬ 
jamming  techniques  beyond  digital  signal  processing  techniques  and  frequency- 
domain  hardware  filtering — such  as  spatial  filtering  that  actively  controls  the 
radiation/reception  pattern  of  the  GPS  antenna — must  be  employed. 

2.2  Controlled  Radiation  Pattern  Antenna 

An  excellent  spatial  filtering  technique  for  anti-jam  capabilities  is  the  controlled 
radiation/reception  pattern  antenna  (CRPA),3  as  shown  in  Fig.  2. 
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Fig.  2  Typical  controlled  radiation/reception  pattern  antenna  (adapted  from  reference  1) 

A  standard  CRPA  leverages  adaptive  array  theory4  and  comprises  an  adaptive  array 
of  GPS  antennas,  with  the  number  of  antenna  array  elements  determined  by  the 
number  of  jamming  signals  that  the  system  desires  to  protect  against.  An  array  of 
'N'  number  of  elements  is  capable  of  mitigating  TST-1*  number  of  jamming  signals. 
Typical  vehicle-mounted  military  anti-jam  GPS  systems  include  a  7-element 
antenna  array  in  order  to  mitigate  the  effects  of  6  jamming  signals.  Each  antenna  in 
the  array  has  dualband  capabilities  (LI  and  L2  GPS  bands),  -24  MHz  bandwidth, 
realized  gain  of  -5  to  7  dBi,  half  power  beamwidth  (HPBW)  of  -100  to  120°,  and 
circular  polarization.  In  addition  to  the  GPS  antenna  array,  a  control  board  and  null¬ 
steering  network  (phase  shifters,  attenuators,  etc.)  are  needed  to  detect  the  jamming 
signal  and  adjust  the  array's  radiation/reception  pattern  accordingly. 

The  CRPA  operates  by  identifying  the  direction(s)  of  jamming  signals  in  real-time, 
and  then  adjusting  the  amplitude  and  phase  for  each  array  element  in  order  to 
minimize  power  reception  in  the  direction(s)  of  the  jamming  signals  while  still 
maintaining  reasonable  reception  in  the  directions  of  the  visible  satellites.  The 
weight  values  for  each  array  element  are  actively  calculated  by  a  basic  optimization 
algorithm  that  attempts  to  minimize  the  jammer  signal  power  at  the  combined 
received  output  signal,  while  keeping  one  of  the  array  elements  constant  in  order  to 
guarantee  the  reception  of  valid  GPS  signals.  The  received  RF  signals  from  the 
array  elements,  Xl(t)  to  XN(t),  are  mixed  with  these  controlled  amplitude  and 
phase  weights,  wl  to  wN-  1,  and  summed  to  produce  a  radiation/reception  pattern 
for  the  array  with  pattern  nulls  steered  in  the  direction(s)  of  the  jamming  signals. 
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Figure  3  summarizes  the  GPS  jammer  problem  space  and  the  solution  that  a 
wearable  CRPA  anti-jam  system  can  provide  for  the  dismounted  Soldier. 


GPS  Navigation  Satellites 


r 


Wearable  Anti-jam  GPS 
Antenna  Array 


A 


100  W  GPS  Jammer 


V 


CRPA  Control  Board 
(e.g.  Nov  Ate!  GAJT-AE) 


J 


Fig.  3  Cartoon  overview  of  GPS  jammer  threat  and  CRPA  anti-jam  system 

This  active  null-steering  technique  can  provide  an  additional  30-50  dB  in  jammer 
suppression,  enabling  the  CRPA  anti-jam  GPS  system  to  mitigate  the  effects  of 
much  closer  and  higher  power  jamming  signals  than  standard  GPS  receivers.  The 
benefit  of  this  technique  can  be  seen  by  reexamining  the  jammer- to-signal  ratio 
versus  distance-to-jammer  plot,  and  overlaying  the  suppression  contributions  of 
frontend  filters,  DSP,  and  active  null-steering,  as  shown  in  Fig.  4. 
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Fig.  4  Jammer  suppression  capabilities  overlaid  on  jammer-to-signal  vs.  distance  to 
jammer  plot  (adapted  from  reference  2) 

Some  of  the  research  on  CRPAs  over  the  past  2  decades  has  focused  on  improving 
upon  the  basic  null-steering  algorithm  previously  described.  A  space-time  adaptive 
beamformer  has  been  proposed  to  maintain  degrees  of  freedom  in  the  presence  of 
multiple  jammers  when  near-field  multipath  signals  are  present.5  CRPA  variations 
that  employ  dual  linear-polarized  GPS  antenna  elements  to  exploit  polarization 
diversity  have  been  explored  in  order  to  increase  the  flexibility  of  the  optimization 
criteria  used  in  the  null-steering  algorithm  and  increase  the  number  of  broadband 
jammers  that  can  be  mitigated  with  a  fixed  number  of  array  elements.6-8  The 
application  of  a  variety  of  direction-of-arrival  algorithms  to  a  GPS  CRPA  system, 
including  multiple  signal  classification  (MUSIC)  and  standard  and  conjugated 
estimation  of  signal  parameters  via  rotational  invariance  techniques  (ESPRIT  and 
C-ESPRIT),  have  also  been  explored  and  evaluated.9 

More  recent  research  has  begun  to  explore  null-steering  algorithms  and  adaptive 
array  layouts  for  conformal10  and  nonplanar1 1  adaptive  arrays  in  order  to  extend  the 
application  of  GPS  CRPAs  to  nonplanar  platforms  such  as  small  aircraft  fuselages. 
As  part  of  this  program,  the  results  of  this  nonplanar  CRPA  research  will  be 
leveraged  and  expanded  upon  in  order  to  develop  novel  null-steering  algorithms 
and  theoretical  models  of  distributed  adaptive  subarrays.  These  algorithms  and 
models  will  be  critical  to  the  development  of  a  wearable  GPS  CRPA  that  is 
strategically  distributed  on  the  human  body  to  maximize  GPS  signal  reception  and 
optimize  anti-jam  capabilities. 

We  will  consider  2  different  topologies  for  the  nonplanar  adaptive  array.  In  the  first 
case,  individual  antenna  elements  will  be  assumed  to  lie  at  different  points  on  the 
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Soldier's  body.  In  the  second  case,  planar  subarrays  that  are  fewer  in  number  will 
be  distributed  on  the  Soldier's  body.  The  former  demands  more  strategic  locations 
where  the  elements  can  be  placed  and  offers  more  control,  while  the  latter  may  be 
the  only  option  available  when  the  Soldier  is  in  a  crouching  position.  In  both  cases, 
optimum  receive  weights  that  will  extract  the  desired  source  in  the  presence  of 
strong  jammers  will  have  to  be  determined  either  by  maximizing  the  signal -to- 
interference-plus-noise-ratio  (SINR),  or  by  minimizing  the  mean  square  error 
between  the  actual  and  desired  output. 11,35,36  The  relative  advantages  of  these 
topologies  in  their  ability  to  null  out  the  interferers  in  a  dynamic  environment  will 
be  studied  and  developed  through  this  program. 

2.3  Antenna  Element  and  Array  Design  for  Anti-Jam  GPS 
Systems 

The  antenna  element  design  for  a  CRPA  is  also  of  critical  importance,  particularly 
for  a  wearable  anti -jam  GPS  system  with  limited  real  estate  and  a  need  for 
conformability  and  flexibility.  Antennas  for  vehicle-mounted  GPS  systems  are 
typically  planar  dualband  designs,  such  as  the  stacked  patch  antenna,12  which 
satisfies  all  RF  requirements  for  a  GPS  antenna  in  a  reasonably  compact,  planar 
design.  Basic  stacked  patch  GPS  antennas  are  fabricated  on  a  low-loss,  low- 
dielectric  constant  rigid  substrate,  such  as  RT  Duroid  5870,  and  are  either  notched 
at  2  of  the  patch  comers  or  possess  2  feedlines  to  achieve  circular  polarization. 
Early  7-element  CRPA  designs  have  employed  these  antennas  as  elements  in  a 
circular  array  layout,  with  array  elements  placed  at  approximately  half  wavelength 
(A/2)  spacing  to  minimize  grating  lobes  and  mutual  coupling.  The  center  element 
serves  as  the  reference  antenna  for  the  null-steering  algorithm.  A  first-cut  model  of 
a  pin-fed  patch  CRPA,  modeled  by  ARL  in  FEKO,  is  shown  in  Fig.  5. 


Fig.  5  Seven-element  CRPA  modeled  in  FEKO 

The  diameter  of  a  7-element  CRPA  is  — 14 — 16  inches  when  the  antenna  elements 
are  spaced  approximately  A/2  apart  and  no  antenna  size  reduction  techniques  are 
employed.  Variations  on  this  design  have  been  researched  in  recent  years  for  both 
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commercial  and  military  vehicle-mounted  GPS  systems,  with  particular  emphasis 
being  placed  on  reducing  the  array  size  while  maintaining  reasonable  realized  gain 
and  bandwidth.  For  a  vehicle-based,  Army  anti-jam  GPS  antenna,  the  Novatel 
GAJT-700M/L  CRPA  is  currently  being  considered,  as  shown  in  Fig.  6. 


Fig.  6  A  basic  7-element  CRPA  (right)  compared  with  a  size-reduced  CRPA  (left)13 

The  dimensions  for  this  antenna  are  11.5  x  11.5  x  4.7  inches,  making  it  too  large 
for  a  wearable  system.  Using  strictly  a  high-dielectric  constant  substrate  and 
maintaining  half- wavelength  element  spacing,  a  4-element  single  band  (LI)  patch 
antenna  CRPA  has  been  realized  with  a  6-inch  diameter  size.2  This  design  is 
compact  but  only  singleband  and  would  be  considerably  larger  if  it  were  redesigned 
to  accommodate  the  L2  GPS  frequency  band  (1,227.60  MHz).  By  employing  a 
dielectric  superstate  as  a  lens  to  maintain  a  half-cycle  phase  relationship  for 
received  signals  across  all  elements  in  an  array  spaced  less  than  A/2  apart,  the 
diameter  of  a  7-element  L1/L2  band  stacked  patch  antenna  CRPA  has  been  reduced 
to  -5.3  in.14  While  very  compact  in  the  horizontal  plane,  this  CRPA  accomplishes 
its  diameter  size  reduction  by  increasing  the  height  of  the  array  from  less  than 
1  inch  to  over  5  inches  and  by  including  a  high  dielectric  constant  superstate  lens 
that  will  add  considerable  weight  to  the  array.  For  a  wearable  anti-jam  GPS  system, 
a  7-element  CRPA  design  that  minimizes  diameter,  thickness,  and  weight,  while 
maintaining  high  RF  efficiency,  will  be  needed. 

A  dualband  stacked  patch  antenna  element  at  less  than  A/8  x  A/8  in  size  has  been 
developed  for  GPS  applications  at  LI,  L2,  and  the  more  recent  L5  band 
(1176.45  MHz).15  This  design  mainly  relies  on  very  high  dielectric  constant 
substrates  (?r  =  15  for  top  layer,  ?r  =  30  for  bottom  layer).  A  further  development 
of  this  design  introduced  an  integrated  0°  to  90°  branch-line  hybrid,  single-input 
feed  to  simplify  the  original  dual-input  quadrature  phase  feeding  mechanism.16 
When  this  design  was  examined  in  array  format,  the  integration  of  the  branch-line 
hybrid  feed  directly  under  the  stacked  patch  antenna  was  found  to  significantly 
increase  mutual  coupling  at  close  array  spacing  (<A/6).17  By  enlarging  the 
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branch-line  hybrid  feed  to  be  located  outside  of  the  high  dielectric  constant  stacked 
patch  region  of  the  antenna,  a  significant  reduction  in  mutual  coupling  was 
achieved.  A  full  7-element  L1/L2/L5  band  CRPA  that  includes  this  design  was 
explored  in  Zhou  et  al.18  The  overall  size  of  this  CRPA  (not  including  the  null¬ 
steering  control  unit)  was  -4.5  inches  in  diameter  and  ~0.7  inches  in  height.  While 
functionality  at  the  L5  band  will  not  be  needed  for  Army  applications  at  this  time, 
a  variation  on  this  stacked  patch  antenna  design  that  can  be  textile-integrated  or 
fabricated  on  a  flexible  substrate  may  be  suitable  for  development  of  a  wearable 
Army  anti-jam  GPS  CRPA.  In  Zhou  et  al.,19  the  GPS  array  element  was  further 
miniaturized  to  measure  1-inch  diameter  by  incorporating  slots  on  the  patch,  as 
shown  in  Fig.  7a.  Design  for  a  4-element  Ll/L2-band  array  on  a  circular  aperture 
with  a  3.5-inch  diameter  was  shown.  Apart  from  stacked-patch  configurations,  a 
single-layer  microstrip  patch  antenna — illustrated  in  Fig.  7b — was  shown  to  have 
broadband  matching  as  well  as  axial  ratio  bandwidths.20  A  possible  single-layer 
patch  element  for  Ll/L2-dualband  operation  with  circular  polarization  in  both 
bands  will  also  be  considered.  A  focus  for  this  program  will  be  on  adapting  such  a 
design  to  be  realizable  with  materials  and  fabrication  techniques  that  are  most 
suitable  for  wearable  (textile-integrated  and/or  externally-mounted)  antennas.  This 
will  be  discussed  further  in  the  following  section. 


Probe  feeding  K30 


(a)  (b) 

Fig.  7  Modern  GPS  antenna  elements:  a)  dual  Ll/L2-band  element19  and  b)  broadband, 
circularly  polarized  patch  antenna20 

3.  Materials  and  Fabrication  Methods  for  Wearable  Anti-Jam 
GPS  Antennas 


A  variety  of  design  and  fabrication  possibilities  exist  for  development  of  wearable 
anti-jam  GPS  antennas.  Most  notably,  the  choice  of  whether  the  CRPA  will  be 
externally  worn  and  removable  or  whether  it  will  be  fully  textile-integrated,  will 
lead  to  the  use  of  distinct  antenna  designs,  materials,  and  fabrication  methods.  This 
section  will  discuss  potential  materials  and  fabrication  methods  for  each  of  these 
versions  of  a  wearable  anti-jam  GPS  antenna. 
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3.1  Textile-Integrated  Antennas 


The  development  of  a  textile-integrated  anti-jam  GPS  antenna  presents  a  variety  of 
material  and  fabrication  challenges.  Textile-integrated  antennas  can  be  fabricated 
with  a  variety  of  conductive  materials,  including  thin  metallic  wires,  textile  fibers 
coated  with  conductive  nanoparticles,  and  fibers  with  metallic  cores.  While  these 
materials  exhibit  high  conductivity  and  are  relatively  simple  to  fabricate  and 
integrate  into  a  textile,  they  fail  to  endure  significant  “wear-and-tear”  due  to 
corrosion  and  lack  of  durability.  This  limits  their  placement  to  areas  on  the  body 
that  see  minimal  flexing  and  bending  and  requires  significant  steps  to  prevent 
performance-hindering  corrosive  damage.  The  application  of  bulk  carbon  nanotube 
(CNT)  thread  as  a  lightweight,  durable  radiator  has  emerged  as  a  promising  solution 
to  this  challenge  due  to  its  inherent  moderate  conductivity  (104-106  S/m)  and 
unique  physical  properties  compared  to  traditional  conductive  materials.  These 
include  high  tensile  strength  (measured  >1  GPa),  corrosion  resistance,  extremely 
low  weight,  and  excellent  work  hardening,  with  the  ability  to  withstand  repetitive 
flexing  and  bending  without  developing  performance-degrading  microcracks.21  23 

While  extremely  low-efficiency  antennas  result  when  individual  CNTs  are 
employed  as  RF  radiators  due  to  the  dominant  kinetic  inductance  that  each 
nanoscale  CNT  contributes  to  the  antenna's  high  input  impedance,24,25  it  has  been 
found  through  analysis26,27  and  measurement28  that  it  is  possible  to  mitigate  this 
high  reactance  by  fabricating  macroscale  CNT  bundles  or  threads.  CNT  bundles 
can  exhibit  radiation  efficiencies  orders  of  magnitude  higher  than  those  of 
individual  CNTs29  and  improved  efficiency  as  the  nanotube  density  within  the 
bundle  is  increased.30 

Emerging  fabrication  techniques  have  made  realizable  the  synthesis  of  large-scale 
CNT  bundle  structures  such  as  threads,  ribbons,  and  sheets.  By  synthesizing  large- 
scale  multiwall  carbon  nanotube  (MWNT)  bundle  structures  in  the  form  of 
threads,31  and  then  by  applying  these  bulk  CNT  materials  to  produce  textile- 
integrated  RF  antenna  designs,  it  should  be  possible  to  fabricate  extremely  low- 
profile  wearable  anti-jam  GPS  antennas  with  significantly  enhanced  flexibility  and 
durability  when  compared  to  antennas  fabricated  with  traditional  textile-based 
conductive  materials. 

A  diagram  of  the  CNT  thread  fabrication  process  is  shown  in  Fig.  8.  The  fabrication 
process  begins  with  the  synthesis  of  a  unique  density  and  length  of  vertically 
aligned  CNTs  into  a  spinnable  array,  which  typically  contains  double,  triple,  and 
multiwall  CNTs.  This  spinnable  array  is  used  to  assemble  continuous  CNT  threads, 
yams,  and  fibers  by  simply  grabbing  one  spot  in  the  array  with  forceps,  then 
dragging  and  twisting  in  a  manner  similar  to  that  used  in  the  fabrication  of  a  silk 


Approved  for  public  release;  distribution  is  unlimited. 

9 


fiber  from  its  cocoon.32,33  Due  to  the  unique  density  and  length  of  the  CNTs  within 
the  array,  there  are  enough  contact  points  that  enable  CNT  thread  assembly  by  a 
simple  Van  der  Waals  interaction  between  neighboring  CNTs.  In  order  to  fabricate 
a  spinnable  CNT  array,  a  thin  catalyst  of  2-nm  iron  alloy  is  deposited  on  5-nm 
AI2O3  that  has  a  4-inch  silicon  wafer  as  support.  The  as-prepared  catalyst  is 
introduced  into  a  chemical  vapor  deposition  (CVD)  reactor  at  750  °C,  where  CNTs 
grow  under  a  stream  of  an  argon,  C2H4,  H2,  and  H2O  mixture.34  The  as-grown  CNT 
array  has  a  density  of  0.03  gm/cm3  and  an  average  CNT  length  of  500  pm.  The 
final  thread  diameter  of  a  1-ply  (single  ply)  thread  is  controlled  by  the  width  of  a 
spinnable  CNT  array,  where  a  0.5-inch  width  array  typically  produces  20-  to 
25-pm-diameter  CNT  thread.  By  adding  a  weaving  process  into  the  overall 
spinning  process  with  multiple  spools  of  1-ply  thread,  a  variety  of  larger-ply  CNT 
rope  may  be  fabricated,  including  3-ply  CNT  rope  and  a  3  x  3-ply  CNT  rope  (three 
3-ply  CNT  ropes  spun  together). 


Fig.  8  Manufacturing  steps  in  CNT  thread  formation:  a)  schematic  of  spinning  CNT 
thread  from  CNT  array,  b)  assembling  CNT  thread  from  3  CNT  arrays,  c)  scanning  electron 
microscope  image  of  pristine  CNT  thread,  and  d)  CNT  thread  coiled  on  a  bobbin 

The  application  of  this  emerging  material  to  produce  a  textile-integrated,  anti-jam 
GPS  antenna  will  require  3  things:  1)  a  material  conductivity  high  enough  to  ensure 
a  reasonable  realized  gain  for  the  antenna  with  minimal  RF  losses,  2)  a  reliable 
fabrication  method  to  sew  the  CNT  thread  into  an  Army-relevant  textile  (NyCo 
Ripstop,  CORDURA,  etc.)  and  electrically  connect  it  to  an  RF  input  port  such  as 
an  SMA  connector,  and  3)  an  antenna  design  that  is  realizable  using  a  textile-based 
fabrication  method. 
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As  a  first  step  in  investigating  CNT  thread  as  a  viable  material  for  the  fabrication 
of  a  wearable  anti-jam  GPS  antenna,  a  textile-integrated  CNT  thread  bowtie 
antenna  has  been  fabricated  and  measured  in  collaboration  with  the  University  of 
Cincinnati.  A  single  45-pm-diameter  CNT  thread  was  fabricated  and  stitched  into 
1 ,000-denier  coated  Cordura  nylon  fabric  using  a  Brother  40e  sewing  machine,  as 
shown  in  Fig.  9.  This  particular  sewing  machine  was  used  due  to  its  versatility,  as 
it  has  low,  medium,  and  high  automatic  sewing  speeds,  and  50  types  of  sewing 
styles.  The  jam-resistant  lower  bobbin  facilitates  continuous  stitching  without 
thread  jamming. 


I 


(a)  (b) 


Fig.  9  Sewing  machine:  a)  Brother  40e  sewing  machine  and  b)  schematic  of  sewing 

The  CNT  thread  was  densified  with  N-Methyl-2-pyrrolidone  prior  to  textile 
integration  in  order  to  increase  its  strength.  Densified  CNT  thread  and  glossy 
smooth  nylon  thread  were  used  in  the  lower  and  upper  bobbins  of  the  sewing 
machine,  respectively,  to  fabricate  the  textile-integrated  bowtie  antenna.  Nylon 
thread  was  blended  with  the  CNT  thread  during  the  fabrication  process  due  to  the 
CNT  thread  not  being  able  to  withstand  the  loading  force  of  the  sewing  machine 
when  placed  in  the  upper  bobbin,  which  generally  exerts  a  higher  load  than  the 
lower  bobbin  in  the  sewing  process.  CNT  thread  has  greater  tensile  strength  than 
nylon  thread  or  copper  wire.  Thus,  when  integrated  into  a  textile,  it  is  able  to 
withstand  much  higher  stretching  and  bending  loads  and  has  much  higher  resistance 
to  the  formation  of  bending/flexing-induced  microcracks  than  metallic  wires  or 
metal-coated  nylon  threads.  However,  the  breaking  load  and  the  maximum  loading 
capacity  for  nylon  thread  is  higher  than  CNT  thread  because  of  the  difference  in  the 
diameters  of  both  fibrous  materials.  The  diameter  of  the  nylon  thread  is  ~120  pm 
and  its  tensile  strength  is  75  MPa  with  a  maximum  loading  capacity  of  0.85  N.  The 
CNT  thread  with  45-pm  diameter  has  ~480  MPa  tensile  strength  and  a  maximum 
loading  capacity  of  0.76  N.  Since  the  nylon  thread  has  higher  loading  capacity  than 
CNT  thread,  it  was  used  in  the  upper  bobbin  to  form  a  blended  final  conductive 
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pattern  within  the  Cordura  textile  substrate.  As  the  upper  nylon  thread  penetrated 
through  the  fabric  sample  and  created  a  knot  with  the  lower  CNT  thread  in  one 
sewing  cycle,  the  CNT  thread  was  pulled  out  from  the  lower  bobbin  and  stitched 
into  the  fabric  sample.  The  tightness  of  both  upper  and  lower  thread  was  set  as 
medium  so  that  the  friction  force  of  the  CNT  thread  and  nylon  thread  was  balanced. 

Research  in  future  years  will  focus  on  increasing  the  stable  diameter  of  the  CNT 
thread  in  order  to  increase  its  loading  capacity  to  the  point  where  no  nylon  thread¬ 
blending  is  necessary,  and  CNT  thread  can  be  used  for  both  the  upper  and  lower 
bobbins  in  the  textile-integrated  antenna  fabrication  process. 

The  textile-integrated  bowtie  antenna  was  fabricated  by  sewing  CNT  thread  into  a 
1,000-denier  Cordura  fabric  substrate  to  form  a  trapezoidal  area  of  ~10  x  2  x 
20  mm  using  multiple  zigzag  patterns  with  a  width  of  3  mm  and  pitch  of  0.3  mm. 
Due  to  the  need  to  blend  the  CNT  thread  with  nylon  thread,  as  previously  described, 
the  CNT  thread  was  sewn  into  the  top  surface  of  the  CORDURA  fabric  and  the 
nylon  thread  was  sewn  into  the  bottom  surface.  In  order  to  facilitate  soldering  the 
CNT  material  to  a  coaxial  connector,  a  rectangular  section  of  CNT  sheet  material 
was  stitched  manually  to  the  feedpoint  of  each  bowtie  leg  with  a  single  CNT  thread, 
as  shown  in  Fig.  10. 


Fig.  10  Schematic  of  textile-integrated  CNT  thread  antenna  a)  top  view  and  b)  side  view 

The  CNT  sheet  material  was  prefunctionalized  by  plasma  treatment  for  enhanced 
solderability.  The  other  end  of  each  section  of  CNT  sheet  material  was  soldered  to 
the  inner  or  outer  conductor  of  an  SMA  coaxial  connector.  The  fully  fabricated 
textile-integrated  CNT  thread  bowtie  antenna  is  shown  in  Fig.  11. 
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Fig.  11  CNT  thread  bowtie  antenna  fabricated  on  1,000-denier  CORDURA  fabric 

A  model  of  this  textile-integrated  CNT  thread  bowtie  antenna  was  simulated  using 
the  FEKO  full-wave  electromagnetic  simulation  software,  as  shown  in  Fig.  12.  The 
CORDURA  fabric  substrate  was  approximated  as  a  thin  slab  with  er  =  1.9,  pr  =  1, 
and  tan(8)  =  0.0098.  The  CNT  thread  was  simplified  as  a  basic  conductive  sheet 
with  sig  =  3e5  S/m,  based  on  recent  conductivity  measurements  of  the  CNT  thread. 


Angled  View 


Side  View 


- - -  - - — - — i 

Fig.  12  FEKO  model  of  CNT  thread  bowtie  antenna 

The  simulated  and  measured  reflection  coefficient  (Sn)  data  is  shown  in  Fig.  13. 
The  measured  resonant  frequency  (2.6  GHz)  agrees  reasonably  well  with  the 
simulated  resonant  frequency  (2.63  GHz),  shifted  ~1%  lower  than  its  predicted 
value.  This  shift  is  likely  due  to  fabrication  tolerances  and  minor  variations  in  the 
dielectric  constant  of  the  fabric  substrate.  The  measured  reflection  coefficient  is 
generally  6-8  dB  higher  than  what  the  simulations  predicted,  indicating  higher 
input  impedance  mismatch.  This  difference  is  expected  since  the  FEKO  model 
significantly  simplified  the  CNT  thread  section  of  the  bowtie  antenna,  modeled  as 
a  cohesive  conductive  sheet  instead  of  discrete  CNT  threads  stitched  into  the  fabric 


Approved  for  public  release;  distribution  is  unlimited. 


13 


and  overlapping  each  other  to  form  a  conductive  mesh.  This  discrete  conductive 
mesh  likely  contributes  a  significant  amount  of  resistive  loss  to  the  antenna. 
Additionally,  the  model  did  not  include  important  physical  and  quantum-level 
electrical  effects  that  impact  the  resistance  and  reactance  of  the  individual  CNT 
threads,  including  quantum  capacitance  and  kinetic  inductance,  and  the  finite 
lengths  of  the  CNTs  within  the  thread.  As  a  result  of  these  higher  reflection  losses, 
the  measured  Sn  <  -10-dB  bandwidth  is  only  3%  versus  the  simulated  estimate  of 
15%. 


Fig.  13  Reflection  coefficient  for  CNT  thread  bowtie  antenna 


The  simulated  and  measured  E-plane  and  H-plane  radiation  pattern  data  at 
resonance  is  shown  in  Figs.  14  and  15,  respectively.  The  realized  gain  is  -5-10  dB 
lower  than  the  simulated  estimate,  indicating  significant  RF  losses  in  the  material 
that  were  not  accounted  for  in  the  simulation  model.  As  mentioned  previously, 
some  of  this  loss  may  be  attributable  to  physical  and  quantum-level  electrical 
effects  that  impact  the  resistance  and  reactance  of  the  individual  CNT  threads  and 
to  the  discrete  meshed  structure  of  the  stitched  CNT  thread  antenna.  Thus,  the 
overall  conductivity  of  the  material,  when  taken  as  a  whole  instead  of  considering 
each  discrete  thread,  may  be  significantly  less  than  the  3e5  S/m  that  was  used  for 
the  simulation.  Additionally,  both  patterns  stray  from  the  expected  performance  of 
a  standard  bowtie  antenna,  which  should  yield  a  “doughnut’ ’-shaped  pattern  similar 
to  a  dipole  antenna.  This  indicates  that  the  current  flow  along  the  conductive  section 
of  the  antenna  is  not  uniform  and  is  anisotropic  compared  with  a  cohesive 
conductive  sheet  or  mesh.  Since  electrons  generally  only  flow  axially  along  the 
CNT  walls  within  the  thread,  the  sections  of  the  stitched  CNT  thread  mesh  that  are 
orthogonal  to  the  length  of  the  bowtie  may  significantly  disrupt  the  current  flow 
and  lead  to  radiation  pattern  distortions. 


Approved  for  public  release;  distribution  is  unlimited. 


14 


0 


Fig.  14  E-plane  radiation  pattern  (f  =  2.6  GHz)  for  CNT  thread  bowtie  antenna 


180 


Fig.  15  H-plane  radiation  pattern  (f  =  2.6  GHz)  for  CNT  thread  bowtie  antenna 

The  measured  data  for  this  textile-integrated  CNT  thread  bowtie  antenna  indicates 
that  many  improvements  must  be  made  to  the  fabrication  process  and  the  CNT 
material,  itself,  in  order  to  serve  as  a  viable  candidate  for  a  textile-integrated  anti¬ 
jam  GPS  antenna.  Specifically,  methods  must  be  explored  to  yield  a  much  more 
cohesive,  isotropic  conductivity  along  the  stitched  CNT  thread  mesh  area,  which 
will  prove  challenging  due  to  the  inherent  anisotropic  conductivity  of  the  individual 
CNT  threads.  Improvements  to  the  thread  conductivity  and  reduction  of  reactance 
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losses  in  the  material  will  likely  reduce  RF  losses  in  the  antenna  and  subsequently 
improve  the  realized  gain. 


3.2  Flexible  Polymer-Based  Antennas 

An  alternative  to  a  fully  textile-integrated  antenna  is  one  that  is  fabricated  onto  a 
flexible  substrate  and  then  placed  externally  onto  the  Soldier  uniform  by  means  of 
a  durable,  reusable  adhesive,  such  as  Velcro.  A  flexible  substrate  is  essential  for 
such  an  antenna  to  ensure  that  it  can  conform  to  a  specific  area  of  the  body  without 
impeding  the  mobility  of  the  Soldier.  Additionally,  the  substrate  must  possess  high 
electric  permittivity  (?r)  and/or  permeability  (pr)  in  order  to  facilitate  size  reduction 
techniques  needed  to  fit  the  L-band  CRPA  on  the  human  body  (as  described  in 
Section  2.3). 

The  development  of  flexible,  high-permeability  polymer  materials  for  electrically 
small  CRPA  designs  may  be  possible  by  exploring  of  a  variety  of  classes  of 
lightweight  flexible  materials,  including  conjugated  polymers  and  graphene  inserts, 
which  can  be  modified  to  induce  higher  magnetic  permeability  than  that  of  the  host 
material.  The  properties  of  the  host  material  may  be  modified  by  doping  with  high- 
spin  metal  cations,  either  alone  or  bonded  to  magnetic  organometallic  complexes. 
The  determination  of  the  metal-based  dopant  is  guided  by  quantum  chemistry 
calculations  that  consider  a  broad  range  of  metal-ligand  complexes  with  different 
chemistries  and  structures.  Prior  quantum  chemistry  simulations  conducted  by  ARL 
have  yielded  results  on  structure-property  relationships  of  the  organometallic 
complexes,  such  as  spin  state  and  magnetic  permeability,  that  facilitate  the 
determined  of  ideal  dopants  for  graphene  and  polymers  of  interest.37  By  leveraging 
these  results,  a  class  of  conjugated  polymers  complexed  with  high-spin  metal 
cations  or  organometallics  can  be  synthesized  by  chemical  methods  such  that  they 
possess  both  electrical  and  ferromagnetic  properties. 

Recent  ARL  research  has  demonstrated  metamaterial/metasurface  blocks  with  high 
permeability.  The  unit  cell  that  comprises  such  material  can  be  arranged  in  periodic 
or  random  patterns  that  are  printed  on  dielectric  support  layers.  It  may  be  possible 
to  apply  this  method  for  producing  high-permeability  material  by  embedding 
graphene  into  specialized  flexible  polymer  materials  to  manufacture  very 
lightweight,  flexible  ferromagnetic  substrates.  This  approach  will  involve 
thousands  of  graphene  layers  arranged  in  periodic  lattice  for  anisotropic  behavior 
or  at  random  for  isotropic  behavior.  An  example  of  such  a  high  permeability 
metamaterial  substrate  is  shown  in  Fig.  16. 
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Fig.  16  High-permeability  metamaterial  substrate  using  patterned  metallic  layers 

Patterning  graphene  and  transferring  it  to  a  flexible  polymer  host  material 
constitutes  a  major  fabrication  challenge.  The  present  state  of  the  art  uses  layered 
sheets  of  ferrites,  realizing  5x  weight  reduction  and  keeping  the  magnetic  loss 
tangent  less  than  0.1  up  to  frequencies  of  500  MHz.  Recent  technologies  have  been 
developed  to  demonstrate  methods  of  graphene  patterning,  printing,  and 
transferring  to  polymers.  These  scientific  advancements  will  be  explored  through 
collaboration  in  order  to  realize  lightweight,  flexible  ferromagnetic  substrates  for 
the  design  of  compact  wearable  anti-jam  GPS  antennas. 

4.  Conclusion 


The  development  of  a  wearable  anti-jam  GPS  antenna  will  require  research  in  a 
variety  of  distinct  areas,  including  array  null-steering  algorithm  development, 
flexible  substrate  and  conductive  thread  fabrication,  and  wearable  GPS  antenna 
element  and  array  design.  ARL  has  specific  expertise  suitable  for  accomplishing 
the  design,  simulation,  fabrication,  and  testing  of  wearable  GPS  antenna  element 
and  arrays.  For  the  CRPA  null-steering  algorithm  development  and  flexible 
substrate/conductive  thread  fabrication  research,  we  will  pursue  specific  university 
partnerships  that  offer  expertise  in  these  areas,  including  development  of  the  null¬ 
steering  algorithms  described  in  Section  2,  adapting  them  for  application  in  a  body- 
distributed  CRPA  system,  and  developing  high  p,  and  sr  flexible  polymer  substrates 
to  facilitate  fabrication  of  electrically  small  wearable  CRPA  designs.  Partnerships 
will  also  be  established  to  research  high  conductivity  carbon  nanotube  threads  and 
the  fabrication  of  textile-integrated  GPS  antenna  designs. 
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List  of  Symbols,  Abbreviations,  and  Acronyms 


C/A 

coarse  acquisition 

CERDEC 

Communications-Electronics  Research,  Development  and 
Engineering  Center 

C-ESPRIT 

conjugated  ESPRIT 

CNT 

carbon  nanotube  thread 

CNT 

carbon  nanotube 

CVD 

chemical  vapor  deposition 

CP&I 

Command,  Power  &  Integration  Directorate 

CRPA 

controlled  radiation/reception  pattern  antenna 

CW 

continuous  wave 

ESPRIT 

estimation  of  signal  parameters  via  rotational  invariance  techniques 

GPS 

global  positioning  system 

HPBW 

half  power  beamwidth 

J/S 

Jammer  to  signal 

MUSIC 

multiple  signal  classification 

MWNT 

multiwall  carbon  nanotube 

PNT 

position,  navigation,  and  timing 

RF 

radio  frequency 

SINR 

signal-to-interference-plus-noise-ratio 
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